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Abstract 

We explore the phenomenology of the minimal supersymmetric flipped SU(5) GUT model 
(CFSU(5)), whose soft supersymmetry-breaking (SSB) mass parameters are constrained to 
be universal at some input scale, Mj„, above the GUT scale, Mqut- We analyze the param- 
eter space of CFSU(5) assuming that the lightest supersymmetric particle (LSP) provides 
the cosmological cold dark matter, paying careful attention to the matching of parameters 
at the GUT scale. We first display some specific examples of the evolutions of the SSB 
parameters that exhibit some generic features. Specifically, we note that the relationship 
between the masses of the lightest neutralino x and the lighter stau fi is sensitive to Mj„, as 
is the relationship between m-^ and the masses of the heavier Higgs bosons A, H. For these 
reasons, prominent features in generic {mi/2,Tno) planes such as coannihilation strips and 
rapid- annihilation funnels are also sensitive to Mm, as we illustrate for several cases with 
tan /3 = 10 and 55. However, these features do not necessarily disappear at large M^, unlike 
the case in the minimal conventional SU(5) GUT. Our results are relatively insensitive to 
neutrino masses. 
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1 Introduction 



The principal bugbear in supersymmetric phenomenology is our ignorance of the mech- 
anism for supersymmetry breaking and hence its effective pattern at low energies. The 
observed suppression of flavour- changing neutral interactions motivates universality for the 
soft supersymmetry-breaking (SSB) scalar mass parameters for different sfermions with the 
same Standard Model quantum numbers [Hll], and Grand Unified Theories (GUTs) suggest 
universality between the SSB scalar masses of squarks and sleptons in the same GUT mul- 
tiplets. There have been many studies of the model in which the SSB scalar masses of all 
squarks, sleptons and Higgs multiplets are constrained to be universal at some input scale, 
usually taken to be the GUT scale, Mqut, (the CMSSM) [3HZ]. 

However, it could be argued that a more natural choice of scale for universality would 
be some scale associated with supergravity or string compactification, above the GUT scale. 
One specific example that has been studied is the minimal supersymmetric SU(5) GUT [8j, 
where it has been shown that the resulting phenomenology is quite sensitive to the choice 
of Mj„, and potentially very different from the conventional CMSSM case. However, the 
low-energy phenomenology will, in general, depend on the choice of GUT group. This is 
because, in particular, the running of the SSB parameters between Mqut and Mj„ depends 
on the choice of GUT gauge group, and the choice of universality conditions on the SSB 
parameters at M(„ depends on the GUT multiplet assignments. 

With this motivation, in this paper we study the phenomenological property of another 
GUT model, namely minimal supersymmetric flipped SU(5) 0. This GUT has several ad- 
vantages over the SU(5) GUT - the doublet-triplet splitting problem is resolved with use of 
only minimal Higgs representations and protons are naturally long lived [10], neutrinos are 
necessarily massive [Ill|12], and supersymmetric hybrid inflation can easily be implemented 
successfully [13]. On the other hand, these advantages come at the expense of some clear 
disadvantages: the successful conventional supersymmetric SU(5) prediction for the weak 
mixing angle sin^ 6y/ is lost, as is the corresponding prediction for mf, based on Yukawa 
unification, and the model has additional parameters, as discussed below. 

We assume in our analysis of flipped SU(5) that the SSB parameters are universal at 
some high input scale Mj„, a framework we term constrained flipped SU(5), or CFSU(5). 
We explore the sensitivity of CFSU(5) phenomenology to the choice of Mj„, to the choice 
of Yukawa couplings in the model and to the range of neutrino masses, and contrast our 
findings with those in the CMSSM and the minimal SU(5) GUT. 

As is well known in the case of the CMSSM, there are coannihilation strips and rapid- 
annihilation funnels compatible [7] with estimates of the cosmological cold dark matter 
density based on WMAP and other data [14j. We find that these move significantly in the 
(mi/2,'n^o) planes of CFSU(5) as Mj„ is varied in the range up to 2.4 x 10^^ GeV. However, 
unlike the case of minimal conventional SU(5) studied in [8], these WMAP-compatible re- 
gions do not disappear entirely as Mj„ increases. These WMAP-compatible regions are also 
sensitive to unconstrained Yukawa couplings in the CFSU(5) model, and to a lesser extent 

^This minimal scenario is different from the variant of flipped SU(5) derived from F-theory, J^-SU(5), 
proposed and studied in [9 , which also includes vector- like particles below the GUT scale. 
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to the neutrino mass scale. In order to accentuate the effects of the neutrino sector, we 
consider the case of a 'large' neutrino mass ~ 0.3 eV, but only in exceptional cases do we 
find any significant difference between this and the more conservative choice ~ 0.05 eV. 

The structure of this paper is as follows. In Section [2] we specify the parameters of 
the CFSU(5) model, and recapitulate the RGEs for its supersymmetric couplings and soft 
supersjTumetry-breaking parameters. In Section [3] we explore numerically the effects of the 
renormalizations of these parameters, exploring in particular the relation between the LSP 
X and the fi mass - which affects the location of the coannihilation strip - and that between 
the X and the heavy Higgs bosons A/H - which affects the location of the rapid-annihilation 
funnel. Section H] presents some generic (mi/2,'n^o) planes, and uses them to discuss the 
influences of Mj„, Yukawa couplings and the neutrino mass. Finally, Section |5] summarizes 
our conclusions. 



2 The Minimal Flipped SU(5) GUT Superpotential 
and RGEs 

The minimal flipped SU(5) GUT model [T5l[T6] (denoted hereafter by FSU(5)) is based on 
the gauge group SU(5) x U(l)x, which is a maximal subgroup of SO(IO). Defining the 
hypercharge generator in SU(5) as 

T.4 = yfrfza,Q,l,i,-l,-i), (1) 

the Standard Model hypercharge Y is the following linear combination of SU(5) and U(l)x 
charges: 

F/2 = (-1^5/2 + y24X)/5. (2) 
The matter sector of minimal FSU(5) contains three families of chiral superfields: 

/,(5,-3) = {?7^,L,}, F,(10,l) = {4,A',iVf}, k(l,b) = EU (3) 

where i = 1, 2, 3 is a generation index, and the numbers in parentheses denote transformation 
properties under the SU(5) x U(l)x gauge group, with the U(l)x charges expressed in units 
of 1/ a/40. In addition, to generate heavy right-handed neutrino masses, we introduce three 
FSU(5) singlets Si{l,0). The MSSM electroweak Higgs doublets Hu and Hd reside in five- 
dimensional representations 

-2) = {fi, Hd} , 2) = {fa, Hu} • (4) 

and we also introduce a pair of GUT Higgs multiplets 

^1(10,1) = {Qh,,D'hvNhA, i^2(T0,-l) = {Qh„D'h„N'hJ- (5) 
to break FSU(5) down to the Standard Model gauge group. 
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The minimal renormalizable superpotential is 

where Greek letters denote SU(5) indices and e is the totally antisymmetric tensor with 
ei2345 = e^^^^^ = 1. We assume the discrete symmetry Hi — i- —Hi, which prevents the mixing 
of ordinary fermions with color triplets Ti and members of Higgs decuplets through couplings 
FHihi and Hifh2. We recall that large vevs of the Higgs decuplets (N^^) = (Nfj^) = V 
generate couplings between the colour triplets Ti and T2 with Dj^^ and -D^^? respectively, 
forming heavy states with masses X^V and X5V. Note that any domain walls formed during 
the breaking of the discrete symmetry when the decuplets obtain vevs are expected to be 
inflated away and are thus harmless so long as the reheating scale after inflation is below V. In 
addition, doublet-triplet splitting occurs via a very economical missing-partner mechanism, 
one of the attractive features of FSU(5). 

The pentaplet mixing term /ih^i^2 could arise from a small vev of an FSU(5) singlet 
field, i.e., A7/ii/i20 Xj{(t))hih2 [inillS], or from an effective higher-order coupling [17], or 
from a supergravity mechanism [18]. The coupling Hh should be small in order to avoid 
rapid dimension-five proton decay arising from the exchange of colored higgsinos Ti 2. Here, 
we take a phenomenological approach, simply assuming that /i/j is of the order of the elec- 
troweak scale. A similar argument can be made for the presence of ^ ysV in Eq. El 

Furthermore, i?-parity would prevent additional couplings such (Ay)i/ii/i25'j, that would un- 
necessarily complicate the calculation of the dark matter relic density in this model. 

Another attractive feature of FSU(5) is that it naturally contains singlet (right-handed) 
neutrinos [TT|IT2]. This allows for the generation of small neutrino masses through the 
mechanism known as the double seesaw [19], which utilizes the seesaw formula twice. The 
neutrino mass matrix receives contributions from the Fh2f, FH2S and SS terms in the 
superpotential The resulting 9x9 matrix, in the (z/j, N^, Si) basis, has the form 




M,= \Kvu ysV\. (7) 



In the first stage, the singlets Si decouple, generating Majorana masses for the right-handed 
neutrino fields iVf , M^v — V^^ys/^^^ys- In the second stage, decoupling of the generates 
the desired small masses for the left-handed neutrinos, rriy ~ f^h^^M^^h^. 

In discussing the couplings and renormalization-group equations (RGEs) for FSU(5), we 
assume third-generation dominance, i.e., we neglect the Yukawa couplings of the first two 
generations, so that y5^io,i,s ~ (y5,io, 1,8)33 ^ ?/5.io,i,5- In this scheme the mass of the r 
neutrino is 



We match the gauge and superpotential couplings of FSU(5) to those of the MSSM at the 
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scale where its S\J{2)l and SU(3)c gauge couplings are unified, denoted hereafter by Mgut: 

«2 = «3 = «5 25af ^ = 24:a^^ + a^^ 
ht = K = y^/ \/2 hb = 4?/io 

hr = yi IJ' = l^h (9) 

where ai = 5/35fy/(47r). Note that unlike minimal SU{5), here the neutrino Yukawa coupling 
is naturally fixed to be equal to the up-quark Yukawa coupling. This is a consequence of 
the flipping that puts the right-handed neutrinos (RHNs) into decuplets in FSU(5), instead 
of being singlets as in minimal SU(5), where the Yukawa couphng would be viewed as an 
independent parameter. 

The following are the SSB terms entering our analysis: 

^soft = -ml^h\hi - ml^h\h2 - mjj^ Tt{hIHi} - mjj^ Tt{hIH2} 
-ii^jyU) - (m|),, 1t{fIf,} - (mf - (mi),,^^^, 

A-Ey^Pi^'ifj - MoVioFiFjhi - Aiyifjjhi + Ax^XiHiHihi + Ax^X5H2H2h2 
+AsysFiH2Sj + Bhfihhih2 + BsfisS^Sj + h.c.l , (10) 

J i=j=3 

where we have suppressed the SU(5) indices. In order to comply with stringent flavor- 
violating constraints [T|I2U] , we assume that SSB scalar mass matrices are flavor-diagonal and 
have degenerate flrst- and second-generation entries. For example, we assume the decuplet 
sfermion mass matrix to have the form nip = diag{m'jp_^,m'jp_^,m'jp), with similar expressions 
for m|, mf and m| SSB matrices. 

The matching conditions for the SSB terms at Mqut are 



Ma = M3 = 




25Miar^ = 


2AM xa^ 


+ Msag- 


i^Dr = = 


m\ 


= ml.^ 


= m% = 




= "^Li = 


"^h 


ml, = ml^ 


= m) 




ml, = 


ml 


m% = 






"^k = 


ml. 


"^L = 






At = A^ = 


= ^5 


Ab = Aio 






Ar = 


= 


B = Bh. 







(11) 

We assume in our phenomenological analysis universality of the FSU(5) SSB terms at the 
scale Mini which provides us with an additional set of boundary conditions at Mj„: 

= m^i = mi, = mj = mp = mi = mn, = mn, = mn^ = mu, = ms = mo, 

Mx = M^ = mi/2, 
^5 = ^10 = A^ = Ax, = Ax, =As = Ao, (12) 
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and defines the scenario we term constrained FSU(5), or CFSU(5). This model is completely 
specified by the following set of parameters: 



mo, mi/2, Ao, tan/3, Mi„, A4(Mgut), A5(Mgut), 2/s(Mgut), sgn{n), rut, m^.^. (13) 



In this work we set the mass of the top quark rrit = 173.1 GeV in accordance with the 



latest Tevatron results [21j, set the running bottom quark mass my^ (Trij,) = 4.2 GeV |22j, and 



choose mj^g = 0.3 eV or 0.05 eV. We consider sgn{n) = +1, which is favored by 5^^ — 2 
and BR{b — )■ 37) [25] measurements. We employed the program SSARD [26] to perform RGE 
evolutions at 2-loop level for the MSSM and at 1-loop level for CFSU(5). The matching 
between the two theories is done at the scale Mgut according to expressions ([H [11]). The 
location of Mgut is determined dynamically as the scale where the two non-abelian MSSM 
gauge couplings meet, (72 = 93- This definition of Mgut (also called M23) is somewhat 
different from the usual definition, according to which Mgut is the scale where gi = g2- 
Those two scales are very close to each other, so we use Mgut as the scale up to which the 
SM gauge group is valid. We do not require unification of Abelian and non-Abelian gauge 
couplings, although this might occur for choices of Mj„ and would be motivated by some 
string scenarios. The weak-scale RGE parameters are further passed to the FeynHiggs 2.6.5 
code [27] for computation of the light CP-even Higgs boson mass m/j. We also performed 
cross-checks using the ISAJET 7.80 [28] program, augmented with FSU(5) evolution, and 
found results in good agreement 0. 

Between Mj„ and Mgut, the applicable one-loop RGBs for the FSU(5) gauge couplings 

are: 



dt 
dg\ 
dt 



A. 

87r2 



-5) 



9'x 15 



(14) 
(15) 



and the applicable one-loop RGEs for the Yukawa couplings in the superpotential ([6|) are: 



dt 



m 

167r2 



84 

A^yl^ + 5y| + yl+yl + 48A^ - -gl 



2 ^2 



(16) 



dy 



10 



dt 



yio 

167r2 



96 

UAylo + 2yl +yl + 2yl + ASXl - -gl - 



10 



9l 



(17) 



dt 



yi 



A8yio + 2y^+7yl + 48Xi-^gl 



48 



19 
10 



9x 



dX^ 
'dt 



167r2 



W.o + yl + i^^^l-Y9"-^9'x 



(19) 



^For a comparison of the SSARD and ISAJET codes, see Ref. 
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dX5 
dt 



2yl + 2yl + lUXl-fgl-^gl 



(20) 



dys 
dt 



Vs 
167r2 



72 1 

481/^0 + yl+ 122/1 + 48A^ - -gl - -gl 



(21) 



As usual, the coefficients in the one-loop RGEs for the SSB gaugino masses are the same 
as those in the RGEs for the gauge couplings squared. The one-loop RGEs for the third- 
generation SSB scalar masses are: 



dt 



dt 



drriff^ 

dt 
dmjj^ 

dt 



dm'j 



dm% 
dt 



dmf 

~dr 

drog 
dt 



where 



1 



167r2 



167r2 



167r2 
1 



[QQyl^ {ml + 2ml + Ao) + 22/i (^J + ^1 + ^1, + ^i) 

96 4 

+96A^ {ml + 2m\^ + - g\S - -glul - -g\M- 

[4y| {ml + m| + mj + 4) + 96A^ {ml + 2m\^ + J 
^g\S - ^-^glMl - \g\M\ 

96A^ {ml + 2ml^ + Al) + ^gj^S - ^-fg^ - \g\M, 



[96A2 {ml + 2m\^ + J + 2yl {m\ + + m| + A\) 

1 



\9\S - ^-fglMl - -gi,M- 



2 /\#2 



167r2 



[4|/| (m^^ +nil + m) + 4) + 2|/2 (mj + + m^^ + A^i) 



167r2 



[96y^o ("^hi + + A\^) + 2|/| (mj + ml + m^ + 4) 
+2|/2 {ml + m| + m^^ + A|) + ]^glS - ^^/g'^' " \9lM\ 



X 



167r2 
1 

T67r2 



101/2 (mj + m2 + ml + A^) + -(/|5 - hglM 
20?/| (m| + ml^ +ml + A|) , 



5 = Tr{Xm2} 



- "^^1 + "^L + Tr ( - ^m? + imf 



(22) 

(23) 

(24) 

(25) 



(26) 

.(27) 
(28) 
(29) 

(30) 



is the analog of the S-term in MSSM RGEs [30j. Note that in a universal scenario 5 = at 
and remains zero at all scales, as expected for an anomaly-free theory. The RGEs for the 
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m 



can 



SSB mass-squared parameters of the first and second generations, m'j^, 
be obtained from the above RGEs for their third-generation counterparts, m'j, m'p, m'f, m|, 
simply by removing the terms involving the Yukawa couplings yio, I/55 Vi, Us that give masses 
to the third-generation fermions. The one-loop RGEs for the SSB trilinear A terms are: 



dt 



dA 



10 



dt 



dAx 

"df 
dAx, 

dt 
dAx, 

dt 

dAs 
dt 



167r2 



[^QAwvlo + ^O^svi + '^Myl + 2Asyl + 96Aa,A 



168 ^ 2 



[288Aioy^o + + 2Aryl + AAsyl + 96Aa,A 



1 



167r2 
1 

167r2 
1 

1 

16^ 



96 19 

96Aioy^o + + UA^yl + 96Aa,A^ - — - —glMx 

192 3 

96AioZ/?o + 2Ai?/i + 288Aa,A2 - —glM^ - -g^Mx 

192 3 
AA^yl+AAsyl + 288Ax,\l - —glM, - -g^Mx 

144 1 

96Aioy^o + SAgyl + 24As2/I + 96Aa,A2 - — (?52M5 - -f^^Mx 



(31) 

(32) 
(33) 
(34) 
(35) 
(36) 



Similarly to the MSSM, the bilinear terms decouple from the rest of FSU(5) RGEs, but we 
list them for completeness 



dt 

dt 
dt 



dBs 
dt 



167r2 

167r2 
1 

167r2 



ASylo + 2yl + yl + 48A^ + 48A2 - ^gl - '^g\ 



S ' 



[96Aio2/^o + ^A^yl+^A^yl + ^^A^X + 96 A^, A 



96 2,. 4 2,. 
-—glM^ - -glMx 



167r' 



-A^Asyl. 



(37) 
(38) 

(39) 
(40) 



3 The Renormalizations of SSB Parameters 

As a first step in analyzing the minimal CFSU(5) model, we illustrate some relevant features 
of the renormalization of the SSB parameters in the model. As was mentioned in the previous 
section, FSU(5) naturally forces the neutrino Yukawa coupling to be equal to the top-quark 
Yukawa coupling at the matching scale (see Eq. [9]). Such a large neutrino Yukawa coupling 
can have a significant effect on the sparticle spectrum of the MSSM, and thus change the 
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location of the regions of parameter space with an acceptable relic density [31]. This is 
different from minimal SU(5) or the MSSM with the Type-1 seesaw, where RHN fields are 
added 'by hand' and the neutrino Yukawa coupling is free. In such scenarios, hi, could be 
dialed to very small values, thus making its effect on the sparticle spectrum unobservable. 
For our comparisons here, we therefore compare CFSU(5) to the CMSSM augmented by a 
Type-1 seesaw model with h^, = hf at the unification scale (hereafter called the z/CMSSM), 
rather than the more commonly discussed CMSSM in which is assumed to be small or 
absent. 

In the upper left panel of Fig. [U we compare the renormalizations of sfermion masses in 
the CFSU(5) model (solid lines) with their renormalizations in the z/CMSSM (dashed lines), 
for representative choices of the universal SSB parameters mo = 218 GeV, mi/2 = 900 GeV, 
Aq = at the input scale, and tan /3 = 10. In the z/CMSSM, these parameter choices specify 
a point close to the tip of the stau coannihilation strip |32] that reproduces the cosmological 
density of cold dark matter. Furthermore, the choice of the neutrino Yukawa coupling 
and neutrino mass correspond to a right-handed neutrino mass M^vg = 2.8 x 10^^ GeV. In 
CFSU(5), additional parameters are required to fully specify the model, as listed in f|T3|) . 
and we make the choices Min = lip = 2.4 x 10^^ GeV, A4 = A5 = 0.1, ys = 0.3. Note that 
our results are very insensitive to ys, which we fix to 0.3 throughout this paper. We see 
that the sfermion masses are quite different already at the conventional GUT scale, though 
some converge again at lower scales, e.g., the eR,jlR and fi masses. On the other hand, 
some sfermion masses remain quite different at low scales, e.g., the eL,fj'L and f2 masses, 
while the squark masses differ by ~ 20% between the two models. In parallel, we note that 
the electroweak symmetry breaking, via the squared mass of the being driven negative, 
arises qualitatively similarly in the two models. 

The upper right panel of Fig. [1] shows the corresponding renormalizations of the gaugino 
masses Ma and the trilinear SSB parameters Ai. We see that both these sets of quantities 
are quite different in the z/CMSSM and CFSU(5). In particular, the ratios Mi/M2,3 are 
significantly smaller in CFSU(5), and the A^ parameters are significantly larger, thanks to 
the additional running between Mj„ and Mqut- 

Another aspect of these differences in the renormalizations is displayed in the lower left 
panel of Fig. [H where Min is varied between 10^^ and 2.4 x 10^^ GeV, keeping fixed the other 
CFSU(5) model parameters: A4 = A5 = 0.1, ys = 0.3. In line with our earlier remark, we see 
that the cr, jlji and fi masses are almost independent of Mj„, As mentioned in Section |2l 
right-handed neutrinos and singlinos Si have very large masses close to Mqut, and 
therefore do not mix with MSSM higgsinos and gauginos. Thus FSU(5) neutralinos have 
the same compositions as those in the CMSSM [33]. From Fig. [T]we see that the mass of 
the lightest neutralino x (which is almost pure bino) decreases with Min, whilst the other 
sfermion masses and the mass of the lighter chargino xf (which is dominantly wino) increase 
with Min. 

So far we considered one particular choice of the FSU(5) Yukawa couplings. The triple- 
Higgs Yukawa couplings have to be non-zero in order to achieve the desired doublet-triplet 
splitting, but otherwise are not constrained. However, if we start from values of the Yukawa 
couplings at Mqut that are not very small, then they will quickly grow and might become 
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Figure 1: RGE results for a stau coannihilation point niQ = 218 GeV and mi/2 = 900 GeV, 
with Aq = 0, A4 = As = 0.1, ys = 0.3 at the input scale and tan/3 = 10, m,^^ = 0.3 eV. 
Upper left: the evolution of SSB scalar mass parameters with choices Min = Mp (solid 
lines) and M^n = Mqut (dashed lines); upper right: the evolution of gaugino masses and 
trilinear A-terms for Min = Mp (solid lines) and Min = -^gut (dashed lines); lower left: 
dependence of the physical sparticle/Higgs masses on Min; lower right: dependence of the 
physical sparticle/Higgs masses on \i[Min) assuming Min = Mp. 




Figure 2: As for Fig. \J\ but for mo = 950 GeV and mi/2 = 1400 GeV, Aq = at the input 
scale, and tan/3 = 55. 
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non-perturbative before the SSB unification scale is reached, as can be seen from Eqs. (fT9l) 
and (120|) . In the lower right panel of Fig. [T]we illustrate the sensitivity of the sparticle/Higgs 
spectrum to the choice of A4(Mgut)- We terminate curves on the right when X^^Q) reaches 
5 before Mj„; at larger values of X^IQ) the 2- loop contribution becomes comparable with the 
1-loop part and our results could become unreliable. We see that the sfermion masses are 
almost insensitive to A4(Mgut)5 because the RGEs for the corresponding soft masses do not 
depend directly on the triple-Higgs Yukawa coupling as can be seen from Eqs. fl22l) - fl29|) . 
On the other hand, the mass of the CP-odd Higgs boson decreases as A4(Mgut) increases, 
while /i remains constant. We can understand this behavior using approximate tree- level 
expressions for the relevant quantities. For the moderate to large values of tan/3, that are 
favored by LEP Higgs boson mass constraints and ^ Mz, we can write 

^\ = "^H„(^»«eafc) + mjj^{M^eak) + ^ rnjj^{M,^eak) - mjj^{M^eak)- (41) 

We see from Eqs. (122]) - (12^ and (ITT]) that larger A4 increases the downward push in the 
m\_^ RGEs that results in a smaller weak scale value of 'm'jj^. We also see that m^^ is not 
renormalized by A4 directly, so that varying it has only a mild effect on the weak scale value 
of mjf^. Consequently, the increase of A4 does not change the value of /x, but the CP-odd 
Higgs boson becomes lighter. As we show later, this has an important effect on the allowed 
regions. Making a similar analysis for A5, we find that increasing it makes both fi and ttia 
larger, with negligible effect on the sfermion masses. Therefore we do not show the spectrum 
as function of A5, and fix A5 = 0.1 for the rest of the paper. 

Another example of possible renormalization effects in CFSU(5) is shown in Fig. [21 which 
is similar to Fig. [T] apart from the choices mo = 950 GeV, mi/2 = 1400 GeV and Aq = at 
the input scale, and tan /3 = 55 corresponding to the rapid-annihilation funnel region • 
The corresponding RHN mass for these parameters is Mn-^ = 2.6 x 10^'^ GeV. In this case, 
we see in the upper left panel that the and ftR have similar masses in CFSU(5) and the 
i/CMSSM, but not the fi. This is because the Yukawa renormalization effects are larger for 
tan /3 = 55 than for tan/3 = 10, so the yf term in Eq. ( 125]) dominates and pushes mf to 
smaller values, a feature visible already in the top left frame. We also see that the iji has a 
similar mass in both models, which is due to a compensation between renormalization effects 
above Mqut in the CFSU(5) case and different renormalizations at Q < Mqut in the two 
models. We see in the upper right panel of Fig. [2] that the renormalizations of all gaugino 
masses and trilinear SSB parameters are different in the two models. In the lower left panel, 
we note in particular the level crossing between the mass of the lightest neutralino x ^i-nd 
the lighter stau fi, and also that the ratio m^/mA decreases monotonically as Mj„ increases. 
Finally, in the lower right panel of Fig. [2] we see that only rriA is very sensitive to A4, and 
the same is true for A5 (not shown). 

We focus in Fig. [3] on the ratio of the x ^-nd fi masses, as a function of mi/2 for 
representative choices of Mj„ and tan /3, and fixing the other CFSU(5) parameters to be 
mo = 300 GeV, A4 = A5 = 0.1, Aq = and m^^ = 0.3 eV. The blue curves correspond to 
the case Mj„ = Mgut, where CFSU(5) reduces to the i/CMSSM. The coannihilation pro- 
cesses become important when the mass gap between the LSP and the NLSP is < 15% [3i] : 
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this regime is indicated by the horizontal green band. Within this band, compatibihty with 
WMAP is achieved in a narrower range of the mass ratio that is model-dependent. We see 
that in the z/CMSSM the x fi masses approach close enough for coannihilation to be- 
come important, bringing the relic density into the WMAP range, for mi/2 ~ 1000(350) GeV 
when tan /3 = 10(55) and mo = 300 GeV. Since the presence of the RHN and h^^ have only a 
modest effect on the stau co- annihilation region [31], this result is also found in the CMSSM. 
On the other hand, when increases in CFSU(5), we see that for tan/3 = 10 the coanni- 
hilation region recedes to larger values of mi/2, as could be expected on the basis of Fig. [1] 
by comparing the fi and Mi in the upper panels, or by looking directly at the lower left 
panel. However, when Mj„ increases in CFSU(5) for tan/3 = 55, the position of the coanni- 
hilation region instead moves to lower mi/2 due to the RGE running effect of mf described 
in the previous paragraph. These results indicate that the regions of the (mi/2,'n^o) planes 
where coannihilation makes the relic x density compatible with WMAP are likely to be quite 
different in CFSU(5) from what they would be in the CMSSM. 

mg=300 GeV, 1.^=0.1, X^0.1, Ag=0, \i>0, mf=173.1GeV, m^=0.3 eV 

- 1.4 



0.8 
0.6 
0.4 
0.2 


250 500 750 1000 1250 1500 1750 2000 

m,/2 (GeV) 

Figure 3: The ratio of the masses of the lightest neutralino x one? the lighter stau fi as a 
function of mi 12 for the three choices Min = Mqutj 10^'' GeV and Mp, assuming niQ = 
300 GeV, Aq = and tan/3 = 10 (solid) or 55 (dashed), and A4 = 0.1, A5 = 0.1, ys = 
0.3. The shaded green horizontal band highlights the regime in which stau coannihilation is 
important. 

Another prominent feature in (mi/2, mo) planes in the CMSSM and i^CMSSM is the 
appearance of a funnel at large tan /3, where rapid XX annihilation through direct-channel 
heavy Higgs [A, H) resonances brings the relic density into compliance with WMAP [3l 
[5]. This funnel is very sensitive to relative masses of neutralino and heavy Higgs bosons, 
appearing when m^ ~ m^ j://2. As can be seen in the lower panels of Fig. [2l the ratio 
m^/mH,A is very sensitive to Mj„ (left) and to A4 (right). Fig. H] displays this ratio as 
a function of m^ in minimal conventional SU(5) (dashed lines) and CFSU(5) (solid lines) 
assuming mi/2 = 1400 GeV, Ao = 0, m^^ = 0.3 eV and tan/3 = 55 and with the choices 
Min = Mqvt, 10^^ GeV and Mp. In the CFSU(5) case, it is assumed that A4 = 0.1 and 
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As = 0.1, whereas in the minimal conventional SU(5) case it is assumed that A = 1 and 
A' = 0.1 in the notation of [8]. The horizontal green band in Fig. H] indicates where rapid 
annihilation via the heavy Higgs funnel takes place. We see that at Mj„ = Mqut the funnel 
is located at relatively similar but not identical values of mo. This is due to the effect of the 
large neutrino Yukawa coupling in i/CMSSM (solid blue line) that increases rriA consequently 
shifting the heavy Higgs funnel location to lower rriQ, as compared to CMSSM (dashed blue 
lines) [31]. The rapid-annihilation funnel feature looks very different for Mj„ > Mqut- 
Comparing to minimal conventional SU(5), where the funnel was present for all values of 
Min, we see that in the CFSU(5) funnel disappears very rapidly. As was shown earlier 
(see the discussion for Fig. [2]) the FSU(5) RGBs drive the neutrahno and heavy Higgs boson 
masses in opposite directions, and the resonance regime disappears very rapidly with growing 
Min. In contrast, in minimal SU(5) both and were growing with M(„ and thus the 
resonant condition can always be achieved [8]. 



m,/2 =1400 GeV, Ag =0, tan (5 =55, \i >0, =173. 1 GeV 




: SU(5):X=1,X'=0.1 : 

04 E , \ , \ , \ , \ , \ , ] 

500 1000 1500 2000 2500 3000 

mo (GeV) 

Figure 4: The ratio of the masses of the lightest neutralino x o^'^^d the CP-odd Higgs boson 
A as a function of mo for the three choices Min = AfcuT, 10"^'' GeV and Mp, assuming 
mi/2 = 1400 GeV, Aq = and tan/3 = 55. We compare the cases of minimal conventional 
SU(5) (dashed lines) assuming A = 1,A' = 0.1 and GFSU(5) (solid lines) assuming A4 = 
0.1, A5 = 0.1, ys = 0.3. The shaded green horizontal band highlights the region in which 
rapid annihilation through the heavy Higgs funnel is important. Gurves are terminated when 
fi becomes the LSP. 



4 Representative (mi/2,^0) Planes 

Following these illustrative studies of renormalization effects in CFSU(5), we now examine 
a few representative (mi/2,mo) planes for tan/3 = 10 and 55. In Fig. [5] we compare the 
z/CMSSM case (left) with the CFSU(5) model for A4 = 0.1, A5 = 0.1 and Min = 2.4 xlO^^ GeV 
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(right). Note that, for tan /3 = 10, the (mi/2, ""^o) plane in the i/CMSSM is very similar to the 
CMSSM with no neutrino masses for values of mg below the focus-point region |S6] (which 
is not visible in the left panel of Fig. [5] for the current choice of parameters) . In the brown 
region in the left panel, the fi would be the LSP, which is not allowed by astrophysics: 
there is no corresponding region in the right panel. The green regions are disallowed by 
experimental measurements [35] of 6 — ?■ S7 decay and LEP limits on the masses of the 
lighter chargino [39] and the lightest Higgs boson h [IQ] forbid areas to the left of the black 
dashed and red dot-dashed lines, respectively. The pink regions are favoured hj — 2 at the 
1-cr (2-(j) levels [23] , as indicated by the dashed (solid) lines. The dark blue strips are where 
the relic x density falls within the range allowed by WMAP and other experiments [14j . 
In the left panel, for the i/CMSSM, we see a well-developed coannihilation strip, which is 
curtailed in the right panel, for CFSU(5), and only marginally compatible with the LEP 
Higgs constraint B In both panels, we see a vertical funnel due to rapid annihilation through 
the direct-channel h pole [41j. This region has moved to larger mi/2 because of the reduction 
in due to the extra CFSU(5) renormalization of Mi between Mj„ and Mqut, whose effects 
are visible in the upper right and lower left panels of Fig. [1] (in that case for a different value 
of mi/2). However, despite this extra renormalization, this rapid-annihilation funnel is still 
in the region of the (^7^1/2, ""^o) plane forbidden by the LEP Higgs constraint. 

We now turn to the analogous (mi/2,mo) planes for tan/3 = 55 shown in Fig. |6l The 
upper left panel displays the i/CMSSM case, where we see the rapid-annihilation heavy 
Higgs funnel extending up to {mi/2,mQ) ~ (1500, 1500) GeV. As Mj„ is increased, the heavy 
Higgs funnel descends rapidly into the forbidden charged-LSP region. This is seen in the 
remaining panels of Fig. |6l In the upper right panel for CFSU(5) with a value of M(„ 
only slightly larger than Mqut, = 1-4 x 10^^ GeV, and A4 = A5 = 0.1, we see that 
the rapid-annihilation funnel moves to smaller values of tuq, whereas the other constraints 
are little affected 0. Continuing to the case Mj„ = 10^'^ GeV (lower left), we see that the 
rapid- annihilation strip has collapsed into a coannihilation strip along the boundary of the 
fi LSP region. Increasing Mm further to 2.4 x 10^® GeV (lower right), in addition to this 
coannihilation strip we see also a light-Higgs rapid- annihilation funnel at mi/2 ~ 150 GeV, 
part of which with > 1700 GeV is compatible with the 6 — )■ S7 and LEP chargino and 
Higgs constraints. 

Fig. [7]explores the implications of varying A4, keeping tan/5 = 55 fixed. In the upper left 
panel, for A4 = 0.3, A5 = 0.1 and Mj„ = 10^'' GeV, comparing with the lower left panel of 

•^The shaded region is excluded at the 95% CL following the procedure of Ref. 37 and using the code by 
Gambino and Ganis |38) . 

"^We recall that in the corresponding minimal conventional SU(5) case jB] the remnant of the coannihilation 
strip lies entirely inside the region forbidden by the LEP constraint on nih- 

^ We draw attention to the appearance in this panel of a secondary strip of acceptable relic density running 
roughly parallel to the boundary of the forbidden fi-LSP region, but with values of mo about 200 GeV larger. 
Here rapid fi — fi annihilation via direct-channel A/H poles allows for efficient stau coannihilation with a 
larger x ~ ^1 mass gap than in the primary stau-coannihilation strip. For the fi funnel to be effective at 
the larger mass gap, one must sit very close to the pole, and as a result the secondary strip is very narrow. 
Furthermore, the LSP is overdense between this and the primary coannihilation strip. Traces of this feature 
are also visible in the upper left panel of Fig. |6]and the upper panels of Fig. [71 
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Figure 5: The {mi/2, ^o) planes for the uCMSSM (left) and for the minimal CFSU(5) model 
with Ao = 0, tan /3 = 10, A4 = 0.1 and A5 = 0.1 for Mi„ = 2.4 x 10^*^ GeV (right). In the blue 
regions, Q^h"^ is within the WMAP range. The pink regions between the black dashed (solid) 
lines are allowed by — 2 at the 1-a (2-a) levels. The brown and green regions are excluded 
because the LSP is the fi and by measurements of b ^ 57, respectively. Areas to the left of 
the black dashed and red dash-dotted lines are ruled out by LEP searches for charginos and 
the lightest MSSM Higgs boson h, respectively. More details can be found in the text. 
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Mjn = Mgut, tan |3 = 55, ^ > ^ o.l, =0.1, Mi„ = 1.4 x Ifll^ GeV, tan (3 = 55, > 




mi/2 (GeV) (GeV) 

Figure 6: As for Fig. hut for tan /3 = 55, A4 = 0.1 and A5 = 0.1 with different choices 
of Min-- Mgut (upper left), 1.4 x 10^^ GeV (upper right ), 10^'^ GeV (lower left), and 
2.4 X 10^* GeV (lower right). 
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Fig. [6l we first notice at small mi/2 and large mo a triangular orange region where there is 
no consistent electroweak vacuum. At somewhat larger values of mi/2 (lower values of mo) 
we see a rapid-annihilation funnel that appears at much larger mo than the funnels in the 
upper panels of Fig. |6l This reappearance of the rapid-annihilation funnel is due to heavy 
Higgs bosons becoming lighter for larger A4 as discussed in detail in Section [3l When A4 
is increased to 0.5 (upper left panel) the electroweak vacuum constraint advances to larger 
mi/2 (lower mo), and the rapid-annihilation funnel retreats towards the fi LSP boundary. 
Qualitatively similar effects are seen in the lower panels of Fig. [71 for M(„ = 2.4 x 10^® GeV. 
In the lower left panel for A4 = 0.2, we see WMAP-compatible strips in the coannihilation 
region near the fi LSP boundary and in the focus-point region near the electroweak vacuum 
boundary. When A4 is increased to 0.3 (lower right), a rapid-annihilation funnel detaches 
itself from the electroweak vacuum boundary, and moves towards the fi LSP boundary. 

It is important to note that although the no-EWSB regions (shaded orange) appear 
in Figs. E] and [71 they are of a different nature. In the t/CMSSM case shown in Fig. [S^ 
(as well as in the CMSSM), the no-EWSB region appears because /z^ < at large mo 
values [36] • In CFSU(5) the no-EWSB region appears for the same reason only for small 
values of A4(Mgut), although it is pushed to higher mo values due to the extra RGE running. 
Increasing of A4(Mgut) leads to a smaller weak scale value of rnfj^ (see discussion for Fig. [1]). 
At some point mjj^^M^eak) becomes so small that positive /i^ combined with mj^^{M^eak) 
can no longer compensate the negative m'jj^{M^f,ak) , as can be seen from Eq. [HI yielding 
m\ < and signals the absence of a consistent electroweak vacuum. As a consequence, there 
is no focus-point region in the CFSU(5) that appears close to the /i^ < boundary: at small 
A4(Mgut) it is pushed to very large mo values and at larger A4(Mgut) it is preceded by the 
m\ < region. The narrow relic density-allowed region visible in the bottom left frame of 
Fig. [71 next to the m\ < boundary is not the focus point, but rather the rapid-annihilation 
funnel that will detach from the boundary for larger A4 values. 

Finally, we show in Fig. [HI the effect of lowering our input third-generation neutrino 
mass. Up to now, we had fixed m^.^ = 0.3 eV to accentuate the effect of the large neutrino 
coupling on the running of the RGEs. A more natural choice which does not require a light 
neutrino mass degeneracy, in view of cosmological and neutrino oscillation data, might be 
rrit,^ = 0.05 eV. We have verified that changing to this choice has negligible effects in almost 
all cases considered here. For example, when tan/3 = 10, there would be no visible change in 
Fig. [5l as the coannihilation region is known to be very insensitive to the choice of neutrino 
mass [3T| when a seesaw neutrino sector is added to the CMSSM. The effect of decreasing 
mj,3 is only slightly noticeable even when tan/3 = 55 and A4 = A5 = 0.1, as shown in the left 
panel of Fig. [HI where we display the case Mj„ = Mgut and m^^ = 0.05 eV. In this case, we 
have Matj = 1.6 x 10^^ GeV. Comparing with the upper right panel of Fig. [6l we see that the 
funnel moves up slightly in mo, and the focus-point region at large mo is now more visible 
in the upper left corner of the figure. When Mj„ = 10^'' GeV (not shown), the focus-point 
region is barely present in the upper left corner at the same low values of mi/2 and high mo, 
and as expected there is no change in the coannihilation region. When A4 is increased to 
0.3, as in the upper left panel of Fig. [71 for m^^ = 0.05 eV we find that the funnel region 
is shifted down slightly to lower mo, as shown in the right panel of Fig. [HI Changes in the 
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^4 = 0.3, ^5 =0.1, Mi„ = 1017 GeV, tan (3 = 55, (i > = 0.5, =0.1, Mi„ = lOl^ GeV, tan P = 55, > 




(GeV) (GeV) 

Figure 7: As for Fig. for tan/3 = 55 and A5 = 0.1, with Min = 10^'^ GeV (upper) for 
different choices of X^: 0.3 (upper left), 0.5 (upper right ) and Min = 2.4 x 10"*^^ GeV (lower) 
for A4 =0.2 (lower left), 0.3 (lower right). 
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(GeV) (GeV) 

Figure 8: As for Fig. 0, for tan/3 = 55 and rriu^ = 0.05 eV, with Min = Mgut (left, to be 
compared with the upper right panel of Fig. \^ and = 10^'^ GeV with A4 = 0.3, A5 =0.1 
(right, to be compared with the upper left panel of Fig. [^. 

remaining panels of Fig. [7] are considerably less pronounced when m^^ is lowered to 0.05 eV. 

5 Summary 

We have studied the parameter space of the minimal flipped SU(5) model with SSB param- 
eters constrained to be universal at some scale Mj„ > Mqut (CFSU(5)). We have explored 
the Min dependences of the ratios between the mass of the LSP the mass of the lighter 
stau fi and the heavier MSSM Higgs bosons A, H. As we illustrate by several examples for 
tan/3 = 10 and 55, these Min dependences affect the locations and even existence of coanni- 
hilation strips and rapid- annihilation funnels, thereby altering the regions of mi/2 and mo in 
which the relic x density falls within the range favoured by WMAP and other astrophysical 
and cosmological data. On the other hand, the WMAP regions are not very sensitive to the 
choice of neutrino mass. 

These results reinforce the point already made in [8], namely that the parts of the 
{mi/2,rno) planes favoured in the CMSSM are substantially modified in scenarios where 
Min > ^GUT- Moreover, as could be expected, these modifications depend on the GUT 
model used, being significantly different in CFSU(5) and minimal conventional SU(5), for 
example. If supersymmetry is discovered at the LHC and/or in searches for astrophysical 
dark matter, these differences may serve as diagnostic tools able to discriminate between 
different scenarios for physics at the GUT scale and beyond. 
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